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ABSTRACT:
The synthesis of linear-and (1→6)-branched β-(1→3)-D-galactans, structures found in plant arabinogalactan proteins (AGPs) is described. The synthetic strategy relies on iterative couplings of mono-and disaccharide thioglycoside donors, followed by a late stage glycosylation of heptagalactan backbone acceptors to introduce branching. A key finding from the synthetic study was the need to match protective groups in order to tune reactivity and ensure selectivity during the assembly. Carbohydrate microarrays were generated to enable the detailed epitope mapping of two monoclonal antibodies known to recognize AGPs: JIM16 and JIM133.
Introduction.
Arabinogalactan protein (AGP) is a widely occurring proteoglycan in plants, associated with the plasma membrane and the cell wall. AGP is one of the most complex families of macromolecules found in plants, due to a great diversity of glycans decorating the protein backbone and constituting 90-98% of the total mass. 1 Although this complexity has made it impossible to address the precise function of individual AGPs, they are known to be involved in several processes in plant growth and development including differentiation, 2 signaling, 3 root growth, 4 embryogenesis 5 and programmed cell death. 6 Characterization of the glycan structures of AGPs is complicated by difficulties in the isolation of single molecules and the micro-heterogeneity found in the constituent chains. Knowledge of the glycan structure is based on NMR characterization of oligosaccharide fragments or binding of monoclonal antibodies to specific carbohydrate epitopes. 7 AGP glycans are predominantly type II arabinogalactan chains of 30-120 monosaccharide residues that are O-glycosidically linked to hydroxyproline (Hyp) residues in the protein backbone. 8 The type II AGs have a β-(1→3)-linked D-galactopyranosyl (D-Galp) backbone substituted at C-6 with side-chains of β-(1→6)-linked galactose. The side chains contain a great diversity of monosaccharides including arabinofuranose, rhamnose, fucose and glucuronic acid. The AGs are generally neutral albeit some GlcpA-rich versions have been found in gum arabic. 9 Knowledge of the AGP glycan backbone's biological functions is very limited. Since well-defined oligosaccharides have proven to be useful tools for elucidating protein-carbohydrate interactions (e.g. as enzyme substrates 10 and for mapping the epitopes of monoclonal antibodies 11, 12 ), we set out to synthesize a range of linear and branched β-(1→3)-linked galactans ( Figure 1) . 13 Since the AGP structure is immensely complex, there are an almost unlimited number of substructures which could be targeted for synthesis. The criteria used for selecting the structures were the following: 1) both linear and branched AGP motifs should be represented; 2) branching should occur at two different positions on the backbone; 3) the side-chains should contain both arabinose and galactose; 4) both types of galactan branching (β-(1→3)-and β-(1→6)-linked) should be represented. A final consideration was to ensure the structures targeted (1-7) were complimentary to the AGP previously prepared by Pfrengle and co-workers. 13 We aimed to prepare a central building block 10, which could be converted to a disaccharide donor 15. This would lower the number of critical glycosylation reactions during the assembly of the larger oligosaccharides. Fenger & Madsen showed that it is possible to glycosylate the 3-position of galactose even though the 2-position is unprotected, but it was necessary to protect the 2-position after every glycosylation. 14 To circumvent this, we decided to protect the 2-, 4-and 6-positions permanently and use temporary protection of the 3-position. A pivaloyl group was chosen for the 2-position since neighboring group participation was required to ensure β-selectivity. The pivaloyl group furthermore has the advantage over acetyl groups that it reduces the risk of orthoester formation, which had been a problem in the galactan synthesis by Kováč. 15 However, McGill and Williams observed lower yields using a pivalyl-protected donor. 16 Especially the detection of an α-anomer and transesterification products during their reaction conditions indicate orthoester formation. Nevertheless, we decided to use the pivaloyl group in the 2-position. The 4-and 6-positions were protected with a benzylidene acetal, which is easily introduced and is sterically undemanding. At first an acetyl group was chosen for temporary protection of the 3-position, as its selective removal in the presence of the more bulky pivaloyl esters has been described. 17 Starting from the known diol 8 18 regioselective acetylation via formation of the stannylene acetal with Bu2SnO was performed, followed by treatment with AcCl and 4Å molecular sieves (Scheme 1). 19 Treatment of 9a with PivCl, Et3N and DMAP afforded the fully protected thioglycoside 10a in 88% yield. In order to prepare N-phenyltrifluoroacetimidate (PTFAI) donor 12a, the thioglycoside had to be hydrolyzed. This turned out to be challenging due to migration of the pivaloyl group and partial hydrolysis of the benzylidene acetal. After screening several reported conditions 20, 21 , the use of weak bases and NBS in H2O/MeCN afforded 11a in 75% (pyridine) and 84% yield (2,6-lutidine). The selective deacetylation to give acceptor 14 turned out to be just as challenging. It was expected that the acetyl group could be removed using Zemplén conditions without affecting the pivaloyl group as shown by Andersen et al. 18 However, this resulted in extensive migration as well as deprotection of the pivaloyl ester. Most likely, the pivaloyl group first migrates to the 3-position, where it is more easily accessible and is therefore subjected to transesterification. Decreasing both NaOMe concentration and temperature improved the yield to 59%. Xu et al. had reported that Mg(OMe)2 can be used as a milder alternative to NaOMe. 22 In our case, no deprotection of the pivaloyl was observed but migration persisted. The same was true for the even milder conditions using ammonia in methanol. 23 Alternatively, reductive removal of the acetate was attempted. DIBAL-H did not give rise to migration but deprotection of the Piv group was observed. Similar cases had been reported by Nicolaou and co-workers. 24 Gratifyingly, the more bulky reducing agents LiEt3BH (superhydride) and Li(sec-Bu)3BH (L-selectride) provided product 14 in an excellent yield of 94%. 25 With access to both donor 12a and acceptor 14, the disaccharide donor 15a was prepared in 92% yield by a TMSOTf-mediated glycosylation (Scheme 1). The disaccharide 15a was converted to acceptor 16 in two steps. NIS/TESOTf-promoted glycosylation of benzyl alcohol with disaccharide 15a gave the β-benzyl glycoside in 75% yield and subsequent deacetylation with superhydride afforded 16 in 90% yield. In order to access branched galactans, we envisioned to use a monosaccharide donor with a temporary C6-O protecting group and introduce this building block at either the third or fifth sugar of a backbone heptasaccharide. Starting from thioglycoside 10a, building block 13 could be prepared via a regioselective opening of the benzylidene acetal with borane-tetrahydrofuran complex and copper(II) triflate (Scheme 1). 26 Next a temporary protecting group had to be found which was stable under glycosylation conditions and during reductive deacetylation. The first choice was a TIPS ether, which could be introduced to give 17a in 93% yield (Scheme 2). 27 Glycosylation of the disaccharide 16 with TIPS donor 17a resulted in several by-products and the trisaccharide 18a was isolated in 38% yield (Scheme 2). The moderate yield might have resulted from formation of the corresponding 1,6-anhydrosugar during glycosylation, previously observed for C6-O TBDMS protected donors by Bols and co-workers. 28 The TIPS group was substituted with the less acid-labile TBDPS group to prevent it from acting as an internal acceptor. Glycosylation of disaccharide 16 with donor 17b gave trisaccharide 18b in 71% yield. The acetyl group was deprotected with L-selectride to give 19b, which was subjected to a glycosylation with donor 15a (Scheme 2). Unfortunately, no conversion of the acceptor was observed, presumably due to the steric demands of the TBDPS ether. Therefore, the C6-OH of 13 was protected with an Alloc group by reaction with allyl chloroformate and TMEDA (Scheme 2). 29 Coupling of 17c to disaccharide acceptor 16 afforded trisaccharide 18c in 74% yield even though minor by-products from the reaction between NIS and the Alloc alkene were observed. Unexpectedly, the reduction with L-selectride was not selective even at low temperatures and afforded mainly the diol. The final choice of protecting group was an allyl ether. Due to the acyl groups, it was not possible to introduce the allyl ether by Williamson ether synthesis. Instead, a method developed by Sinou and co-workers was used where allyl groups can be introduced under neutral conditions with allyl ethyl carbonate and bis(dibenzylideneacetone)palladium(0) (Scheme 2). 30 This made it possible to prepare donor 17d in 83% yield. Since no suitable orthogonal protecting group was found, we decided to follow a different strategy. The 3-position was temporarily protected with a chloroacetyl group. This made it possible to use an acetyl group for the 6-position, which could be removed by L-selectride reduction at the end of the backbone synthesis. The synthesis of the disaccharide donor was performed in analogy to previously described procedures. The chloroacetyl group was regioselectively introduced in the 3-position via the stannylene acetal to afford 9b in excellent yield (Scheme 1). Pivaloyl protection gave the fully protected thioglycoside 10b and hydrolysis followed by treatment with PTFAICl and Cs2CO3 afforded imidate 12b. The thioglycoside 10b could be transformed to acceptor 14 by removal of the chloroacetyl group with L-selectride. TMSOTf-catalyzed coupling of 12b with acceptor 14 afforded disaccharide 15b in 84% yield (Scheme 3). As it would be unfavorable to have a chloroacetyl in the non-reducing end of the heptasaccharide, it was changed to Piv to give 20 by reduction with L-selectride followed by pivaloylation. Furthermore, the disaccharide donor 15b was converted to acceptor 16 by glycosylation of benzyl alcohol followed by deprotection of the chloroacetyl group with Lselectride (not shown). The final building block 21 was prepared by regioselective opening of the acetal of 10b followed by acetylation (Scheme 6). With all the building blocks in hand, it was now possible to synthesize the two heptasaccharides 27 and 33. Trisaccharide 22 was prepared by NIS/TESOTf-promoted coupling of 21 and 16 (Scheme 4). The new protecting group combination resulted in a yield of 75%, but 2.2 equiv. of donor was required in order to obtain full conversion of the acceptor. Trisaccharide 22 was converted to acceptor 23 by deprotection of the chloroacetyl group with thiourea, NaHCO3 and TBAI. 34 A second glycosylation with disaccharide donor 15b afforded the pentasaccharide 24 in 80% yield. We were pleased to find that the reaction gave fewer by-products and that only 1.2 equiv. of donor was required for full conversion. The chloroacetyl group was removed to give acceptor 25, which could be glycosylated with donor 20 to obtain the fully protected heptasaccharide 26. Finally, the C6´´-Oacetyl was removed selectively with L-selectride, affording acceptor 27. Three different side chains were introduced on each heptasaccharide by glycosylation with the thioglycoside donors 20, 34 35 and 35 18 shown in Figure 2 . All of the glycosylations were promoted by NIS/TESOTf in a 1:1 mixture of CH2Cl2 and MeCN at -30 ˚C (Scheme 6 and 7). The two octaasaccharides 36 and 38 and three nonasaccharides 37, 39 and 40 were all isolated in yields around 70%. Global deprotection of the linear penta-and heptasaccharide (24 and 26), two branched octasaccharides (36 and 38) and three nonasaccharides (37, 39 and 40) was accomplished with Et4NOH and subsequent hydrogenolysis over Pd(OH)2/C according to Andersen et al. 18 With the target oligosaccharides in hand, we demonstrated their usefulness for probing carbohydrate-protein interactions using glycan microarrays. [36] [37] [38] Screening was performed essentially as was previously reported. 12, 18 The data for binding of the two monoclonal antibodies JIM16 39 and JIM133 40 is presented in Figure 3 and Table 1 . Linear and branched β-(1→4)-linked galactans 18 were included as negative controls. Interestingly, JIM133 bound to all immobilized glycans having a β-(1→3) backbone and the binding intensity was not influenced by branching. In contrast, JIM16 is a much more discriminating antibody, requiring branching for binding and selective for the types of glycans found in the 6-position: the mAb recognizes β-(1→3)-Gal2 substitution (compounds 3 and 4), but not Ara or β-(1→6)-Gal2 branching (compounds 5-6). This result also demonstrates the value of including two different types of digalactan branching, as the antibody was clearly able to differentiate. As such, JIM133 is useful in e.g. immunofluorescence microscopy for localizing β-(1→3)-linked galactan in plant tissue. 41, 42 JIM16, on the other hand, is a much more selective antibody, which will help pin-point AGP substructures containing branching of β-(1→3)-galactan. 43 In conclusion, a convergent synthetic strategy for (1→6)-branched β-(1→3)-D-galactans was developed and used to prepare octa-and nonasaccharides. The substrates have been printed as oligosaccharide microarrays to characterize the epitopes of two plant cell walldirected mAbs. In the future, these well-defined glycans are expected to yield new insight into the structure and function of arabinogalactan proteins in plants.
EXPERIMENTAL SECTION
General. All commercial reagents were used as obtained commercially unless otherwise noted. The dry solvents were obtained from Innovative Technology PS-MD-7 Pure-solv solvent purification system. All of the reactions were carried out in flame-dried glassware under inert atmosphere. Thin-layer chromatography (TLC) was performed on Merck Aluminium Sheets pre-coated with silica, C-60 F254 plates. Compounds were visualized by charring after dipping in CAM stain (Ce(SO4)2 (1.6 g) and (NH4)6Mo7O24 (4 g) in 10 % sulphuric acid (200 mL). Eluent systems are specified for each Rf-value, and ratios are given as volume ratios. IR analysis was done on a Bruker Alpha-P FT-IR instrument where solid compound is applied directly onto the instrument. Optical rotation was measured on a Perkin Elmer Model 241 Polarimeter. Solvents used were either CHCl3 or H2O. High-resolution LC-DAD-MS was performed in an Agilent 1100 system equipped with a photodiode array detector (DAD) and coupled to a LCT orthogonal time-of-flight mass spectrometer (Waters-Micromass, Manchester, UK) with Z-spray electrospray ionization (ESI) source and a LockSpray probe and controlled MassLynx 4.0 software. LC-MS calibration from m/z 100-900 was done with a PEG mixture. Standard separation involved a LUNA 2 column with a MeCN (50 ppm TFA) in water gradient starting from 15% to 100% over 25 minutes with a flow rate of 0.3 mL/min. High-resolution MALDI-MS was recorded using a Bruker Solarix XR 7T ESI/MALDI-FT-ICR-MS run in MALDI+ mode, externally calibrated with NaTFA cluster ions and using dithranol as the matrix.
Most of the compounds have been characterized by NMR and/or HRMS. However, N-phenyltrifluoroacetimidates are generally not characterized due to low stability.
Phenyl 3-O-acetyl-4,6-O-benzylidene-1-thio-β-D-galactopyranoside (9a).
Di-n-butyl tin oxide (36.3 g; 145.7 mmol) was added to a solution of compound 8 (50.0 g, 138.7 mmol) in dry toluene (1000 mL) and stirred under refluxing temperature for 12 h. The reaction mixture was cooled to 0 °C, and freshly activated 4Å MS (50 g) were added. After 30 min acetyl chloride (10.2 mL, 142.89 mmol) were added drop wise and stirring was maintained at this temperature for 1 h. The reaction was quenched by addition of MeOH, filtered through a pad of celite and concentrated. The crude product was purified by flash chromatography 
Phenyl 3-O-acetyl-4,6-O-benzylidene-2-O-pivaloyl-1-thio-β-Dgalactopyranoside (10a).
Compound 9a (30 g; 74.54 mmol) was dissolved in CH2Cl2 (500 mL). Et3N (20.9 mL; 149.1 mmol), DMAP (4.55 g; 37.3 mmol) and pivaloyl chloride (9.5 mL; 111.8 mmol) was added to the solution and the reaction mixture was heated to 45 °C for 4 h. The reaction mixture was cooled to 0 °C, quenched with MeOH (10 mL), washed with water (2x500 mL), dried over MgSO4 and concentrated. The product was purified by flash chromatography (Tol/ 
3-O-Acetyl-4,6-O-benzylidene-2-O-pivaloyl-D-galactopyranose (11a).
Compound 10a (20.0 g; 41.1 mmol) was dissolved in MeCN (270 mL) and water (30 mL). NBS (29.3 g; 164.4 mmol) and 2,6-lutidine (23.8 mL; 205.5 mmol) were added and the reaction was stirred at 50 °C until TLC showed full conversion (2 h). The solution was diluted with CH2Cl2 (500 mL) and washed with sat. aq. NaS2O3 (200 mL) and sat. aq. NaHCO3 (200 mL). The organic phase was dried over MgSO4, filtered and concentrated. The product was purified by flash chromatography (6:1 Tol/EtOAc) to afford 11a as α/β mixture. Rf 0.12 (9:1 Tol/EtOAc 
3-O-Acetyl-4,6-O-benzylidene-2-O-pivaloyl-β-D-galactopyranose N-phenyl trifluoroacetimidate (12a).
Compound 11a (13 g; 33.0 mmol) was dissolved in CH2Cl2 (300 mL) and cooled to 0 °C. Cs2CO3 (21.5 g; 65.9 mmol) was added followed by N-phenyl trifluoroacetimidoyl chloride (13.7 g; 65.9 mmol). The ice bath was removed and the reaction mixture was stirred until TLC showed full conversion (5 h). It was then filtered, concentrated and purified by flash chromatography (20:1 Tol/EtOAc) to give an off-white solid. Rf 0.66 (9:1 Tol/EtOAc) Yield: 14.7 g (79%).
Phenyl 4,6-O-benzylidene-2-O-pivaloyl-1-thio-β-D-galactopyranoside (14).
Compound 10a (10 g; 20.6 mmol) was dissolved in dry CH2Cl2 (200 mL) and cooled to 0 °C. A 1 M L-selectride solution in THF (61.6 mL) was added and the reaction was stirred at 0 °C until complete consumption of the starting material (4 h). The reaction mixture was poured into sat. aq. NH4Cl (400 mL). The organic phase was dried over MgSO4, filtered and concentrated (avoid concentrating to dryness since the borane salts can be explosive). The crude product was purified by flash chromatography 
Phenyl 3-O-acetyl-4,6-O-benzylidene-2-O-pivaloyl-β-D-galactopyranosyl-(1→3)-4,6-O-benzylidene-2-O-pivaloyl-1-thio-β-Dgalactopyranoside (15a).
To a 500 mL flame-dried flask was added 14 (7.0 g, 15.7 mmol) and the 12a (11.4 g, 20.5 mmol). The mixture was co-evaporated with toluene (2x200 mL) and subjected to vacuum overnight. The mixture dissolved in CH2Cl2 (200 mL) and cooled to -40 °C. TMSOTf (0.24 mL; 1.6 mmol) was added and the reaction mixture was stirred at -40 °C (1 h). Et3N (1 mL) was added and the reaction mixture was concentrated. The crude compound was purified by flash chromatography (9:1 Tol/EtOAc) affording 15a. Rf 0.23 (9:1 Tol/EtOAc). Yield: 11.9 g (92% 
Benzyl 3-O-acetyl-4,6-O-benzylidene-2-O-pivaloyl-β-D-galactopyranosyl-(1→3)-4,6-O-benzylidene-2-O-pivaloyl-β-D-galactopyranoside (41).
Compound 15a (2.0 g; 2.4 mmol) was dried azeotropically with toluene (2x20 mL) and subjected to vacuum overnight. Benzyl alcohol (0.8 g; 7.3 mmol) was added. The mixture was dissolved in dry CH2Cl2 (50 mL) and cooled to -40 °C. NIS (602 mg; 2.7 mmol) and TESOTf (64 mg; 0.24 mmol) was added and the reaction mixture was stirred at -40 °C until TLC revealed full conversion of the donor (2 h). The solution was diluted with CH2Cl2 (100 mL) and washed with sat. aq. NaS2O3 (100 mL) and sat. aq. NaHCO3 (100 mL). The organic phase was dried over MgSO4, filtered and concentrated. The product was purified by flash chromatography (9:1 toluene/EtOAc) to afford 41 as an offwhite solid. Rf 0.10 (9:1 Tol/EtOAc) Yield: 1.5 g (75% 
Benzyl 4,6-O-benzylidene-2-O-pivaloyl-β-D-galactopyranosyl-(1→3)-4,6-O-benzylidene-2-O-pivaloyl-β-D-galactopyranoside (16).
Compound 41 (1.5 g; 1.8 mmol) was dissolved in dry CH2Cl2 (30 mL) and cooled to 0 °C. A 1 M L-selectride solution in THF (5.5 mL) was added and the reaction was stirred at 0 °C until complete consumption of the starting material (5 h). The reaction mixture was poured into sat. aq. NH4Cl (100 mL). The organic phase was dried over MgSO4, filtered and concentrated (avoid concentrating to dryness since the borane salts can be explosive). The crude product was purified by flash chromatography 
Phenyl 3-O-acetyl-4-O-benzyl-2-O-pivaloyl-1-thio-β-D-galactopyranoside (13).
A 1 M solution of BH3·THF complex in THF (61.6 mL) was added to a solution of 10a (6 g; 12.33 mmol) in CH2Cl2 (50 mL) at 0 °C. The mixture was stirred for 10 min, and freshly dried Cu(OTf)2 (669 mg, 1.85 mmol) was added to the solution. After stirring for a 5 h, the mixture was cooled to 0 °C, and the reaction was quenched by addition of Et3N (1.7 mL, 12.33 mmol) and methanol (30 mL, caution: hydrogen gas was evolved). The resultant mixture was concentrated at reduced pressure followed by coevaporation with methanol. The residue was purified by flash chromatography (9:1 Tol/EtOAc 
Phenyl 3-O-acetyl-4-O-benzyl-2-O-pivaloyl-6-O-triisopropylsilyl-1-thio-β-D-galactopyranoside (17a).

Benzyl
3-O-acetyl-4-O-benzyl-6-O-triisopropylsilyl-2-Opivaloyl-β-D-galactopyranosyl-(1→3)-4,6-O-benzylidene-2-Opivaloyl-β-D-galactopyranosyl-(1→3)-4,6-O-benzylidene-2-Opivaloyl-β-D-galactopyranoside (18a).
To a 50 mL flame-dried flask was added 16 (0.92 g, 1.18 mmol) and 17a (1.14 g, 1.78 mmol). The mixture was dried azeotropically with toluene (2x20 mL) and subjected to vacuum overnight. It was then dissolved in dry CH2Cl2 (10 mL) and dry MeCN (10 mL), cooled to -30 °C, followed by addition of NIS (413 mg; 1.84 mmol) and TESOTf (63 mg; 0.24 mmol). The reaction mixture was stirred at -30 °C until TLC revealed full conversion of the donor (1 h). The solution was diluted with CH2Cl2 (100 mL) and washed with sat. aq. NaS2O3 (100 mL) and sat. aq. NaHCO3 (100 mL). The organic phase was dried over MgSO4, filtered and concentrated. The product was purified by flash chromatography (12:1 toluene/EtOAc) to afford an off-white solid. Yield: 590 mg (38%). Rf 0.46 (9:1 Tol/EtOAc). 5H, 3xH-3, H-6 Benzyl 4-O-benzyl-6-O-triisopropylsilyl-2-O-pivaloyl-β-D-galactopyranosyl-(1→3)-4,6-O-benzylidene-2-O-pivaloyl-β-D-galactopyranosyl-(1→3)-4,6-O-benzylidene-2-O-pivaloyl-β-D-galactopyranoside (19a) . Compound 18a (350 mg; 0.27 mmol) was dissolved in dry CH2Cl2 (10 mL) and cooled to 0 °C. A 1 M L-selectride solution in THF (1.1 mL) was added and the reaction was stirred at 0 °C until complete consumption of the starting material was observed by TLC (3 h). The reaction mixture was poured into sat. aq. NH4Cl (100 mL) and extracted with CH2Cl2 (2x50 mL). The combined organic phases were dried over MgSO4, filtered and concentrated (avoid concentrating to dryness since the borane salts can be explosive). The crude product was purified by flash chromatography (9:1 Tol/EtOAc) to give an off-white solid. Yield: 0.31 g (92% 
and subjected to vacuum overnight. It was then dissolved in dry CH2Cl2 (5 mL) and dry MeCN (5 mL), cooled to -30 °C, followed by addition of NIS (385 mg; 1.71 mmol) and TESOTf (34 mg; 0.13 mmol). The reaction mixture was stirred at -30 °C until TLC revealed full conversion of the donor (2 h). The solution was diluted with CH2Cl2 (100 mL) and washed with sat. aq. NaS2O3 (100 mL) and sat. aq. NaHCO3 (100 mL). The organic phase was dried over MgSO4, filtered and concentrated. The product was purified by flash chromatography (9:1 toluene/EtOAc) to afford 18c as an off-white solid. Yield: 1.14 g (74% 
Benzyl 3-O-acetyl-4-O-benzyl-2-O-pivaloyl-6-O-(tert-butyldiphenylsilyl)-β-D-galactopyranosyl-(1→3)-4,6-O-benzylidene-2-O-pivaloyl-β-D-galactopyranosyl-(1→3)-4,6-O-benzylidene-2-O-pivaloyl-β-D-galactopyranoside (18b).
To a 25 mL flame-dried flask was added 16 (800 mg, 1.03 mmol) and the 17b (1050 mg, 1.45 mmol). The mixture was dried azeotropically with toluene (2x10 mL) and subjected to vacuum overnight. It was then dissolved in dry CH2Cl2 (5 mL) and dry MeCN (5 mL), cooled to -30 °C, followed by addition of NIS (333 mg; 1.48 mmol) and TESOTf (54 mg; 0.21 mmol). The reaction mixture was stirred at -30 °C until TLC revealed full conversion of the donor (2 h). The solution was diluted with CH2Cl2 (100 mL) and washed with sat. aq. NaS2O3 (100 mL) and sat. aq. NaHCO3 (100 mL). The organic phase was dried over MgSO4, filtered and concentrated. The product was purified by flash chromatography (9:1 toluene/EtOAc) to afford an off-white solid. Yield: 1.02 g (71% 176.2, 176.1, 170.4, 138.3, 138.0, 137.8, 137.4, 135.62 
Benzyl 4-O-benzyl-2-O-pivaloyl-6-O-(tert-butyldiphenylsilyl)-β-D-galactopyranosyl-(1→3)-4,6-O-benzylidene-2-O-pivaloyl-β-D-galactopyranosyl-(1→3)-4,6-O-benzylidene-2-O-pivaloyl-β-D-galactopyranoside (19b).
Compound 18b (1.0 g; 0.72 mmol) was dissolved in dry CH2Cl2 (25 mL) and cooled to 0 °C. A 1 M Lselectride solution in THF (1.5 mL) was added and the reaction was stirred at 0 °C until complete consumption of the starting material (4 h). The reaction mixture was poured into sat. aq. NH4Cl (100 mL). The organic phase was dried over MgSO4, filtered and concentrated (avoid concentrating to dryness since the borane salts can be explosive). The crude product was purified by flash chromatography to give an off-white solid. Yield: 0.84 g (88% 
Phenyl 3-O-acetyl-6-O-allyl-4-O-benzyl-2-O-pivaloyl-1-thio-β-D-galactopyranoside (17d).
To a solution of Pd2(dba)3 (328 mg; 0.36 mmol) and 1,4-Bis(diphenyl-phosphino)butane (611 mg; 1.43 mmol) in dry THF (20 mL) was added the alcohol 13 (1.75 g; 3.6 mmol) and allyl ethyl carbonate (1.86 g; 14.32 mmol) in dry THF (20 mL). The solution was stirred at 65 °C for 4 h, the solvent was evaporated and the crude product was purified by flash chromatographed (30:1 Tol/EtOAc) to give the pure O-allylated compound 17d. Rf 0.60 (9:1 Tol/EtOAc). Yield: 1.56 g (83% 128.2 (2C), 127.9, 127.8, 117.4, 87.1, 77.4, 75.0, 74.9,  74.4, 72.5, 68.2, 67.7, 38.9, 27.2 (3C), 20.9 . HRMS (ESI-TOF) m/z: [M + Na] + Calcd for C29H36NaO7S: 551.2079; Found 551.2082.
Benzyl 3-O-acetyl-6-O-allyl-4-O-benzyl-2-O-pivaloyl-β-D-galactopyranosyl-(1→3)-4,6-O-benzylidene-2-O-pivaloyl-β-D-galactopyranosyl-(1→3)-4,6-O-benzylidene-2-O-pivaloyl-β-D-galactopyranoside (18d).
To a 25 mL flame-dried flask was added 16 (900 mg, 1.16 mmol) and 17d (918 mg, 1.74 mmol). The mixture was dried azeotropically with toluene (2x10 mL) and subjected to vacuum overnight. It was then dissolved in dry CH2Cl2 (5 mL) and dry MeCN (5 mL), cooled to -30 °C, followed by addition of NIS (442 mg; 1.97 mmol) and TESOTf (61 mg; 0.23 mmol). The reaction mixture was stirred at -30 °C until TLC revealed full conversion of the donor (2 h). The solution was diluted with CH2Cl2 (100 mL) and washed with sat. aq. NaS2O3 (100 mL) and sat. aq. NaHCO3 (100 mL). The organic phase was dried over MgSO4, filtered and concentrated. The product was purified by flash chromatography to afford as a slightly yellow solid. Yield: 707 mg (51%). 
Benzyl
6-O-allyl-4-O-benzyl-2-O-pivaloyl-β-D-galactopyranosyl-(1→3)-4,6-O-benzylidene-2-O-pivaloyl-β-D-galactopyranosyl-(1→3)-4,6-O-benzylidene-2-O-pivaloyl-β-D-galactopyranoside (19d).
Compound 18d (200 mg; 0.17 mmol) was dissolved in dry CH2Cl2 (10 mL) and cooled to 0 °C. A 1 M L-selectride solution in THF (0.7 mL) was added and the reaction was stirred at 0 °C until complete consumption of the starting material (3 h). The reaction mixture was poured into sat. aq. NH4Cl (100 mL). The organic phase was dried over MgSO4, filtered and concentrated (avoid concentrating to dryness since the borane salts can be explosive). The crude product was purified by flash chromatography to give a foamy white product. Yield: 191 mg (92%). CDCl3) δ 178.27, 176.23, 138.13, 137.92, 137.81, 137.37, 134.55,  129.07, 128.76, 128.49, 128.41, 128.32, 128.27, 128.10, 128.04 Phenyl 4,6-O-benzylidene-3-O-chloroacetyl-1-thio-β-D-galactopyranoside (9b) 45 . Di-n-butyl tin oxide (21.8 g; 87.4 mmol) was added to a solution of compound 8 (30.0 g, 83.2 mmol) in dry toluene (600 mL) and stirred under refluxing temperature for 12 h. The reaction mixture was cooled to 0 °C, and freshly activated 4Å MS (30 g) were added. After 30 min chloroacetyl chloride (6.7 mL, 85.7 mmol) were added drop wise and stirring was maintained for 1 h at 0 °C. The reaction was quenched by addition of MeOH, filtered through a pad of celite and concentrated. The crude product was purified by flash chromatography (9: 
Phenyl
4,6-O-benzylidene-3-O-chloroacetyl-2-O-pivaloyl-1-thio-β-D-galactopyranoside (10b).
Compound 9b (25 g; 57.2 mmol) was dissolved in CH2Cl2 (400 mL). Et3N (16.0 mL; 114.4 mmol), DMAP (3.5 g; 28.6 mmol) and pivaloyl chloride (7.3 mL; 85.8 mmol) was added to the solution and the reaction mixture was heated to 45 °C for 4 h. The reaction mixture was cooled to 0 °C, quenched with MeOH (10 mL), washed with water (2x400 mL), dried over MgSO4 and concentrated. The product was purified by flash chromatography (15: 
4,6-O-benzylidene-3-O-chloroacetyl-2-O-pivaloyl-D-galactopyranose (11b).
Compound 10b (20.0 g; 38.4 mmol) was dissolved in acetone (180 mL) and water (20 mL). NBS (27.3 g; 153.5 mmol) and 2,4-lutidine (22.2 mL; 107.2 mmol) were added and the reaction was stirred at 50 °C until TLC showed full conversion (3h).
The solution was diluted with CH2Cl2 (500 mL) and washed with sat. aq. NaS2O3 (200 mL) and sat. aq. NaHCO3 (200 mL). The organic phase was dried over MgSO4, filtered and concentrated. The product was purified by flash chromatography (6:1 toluene/EtOAc) to afford 11b as an α/β mixture. Rf 0.13 (9:1 toluene/EtOAc). Yield: 12.5 g (76% , 1H, H-4α), 4.29 -4.22 (m, 1H, H-4b, H6a,β) 4.16 (dd, J6a,6b = 12.6, J5,6a = 1.5 Hz, 1H, H-6a,α) 
4,6-O-Benzylidene-3-O-chloroacetyl-2-O-pivaloyl-1-thio-β-Dgalactopyranose N-phenyl trifluoroacetimidate (12b).
Compound 11b (10 g; 23.3 mmol) was dissolved in CH2Cl2 (230 mL) and cooled to 0 °C. Cs2CO3 (15.2 g; 46.6 mmol) was added followed by N-phenyl trifluoroacetimidoyl chloride (9.7 g; 46.6 mmol). The ice bath was removed and the reaction mixture was stirred until TLC showed full conversion (5 h). It was then filtered, concentrated and purified by flash chromatography to give an offwhite foam. Yield: 11.2 g (80%).
Phenyl 4,6-O-benzylidene-2-O-pivaloyl-1-thio-β-D-galactopyranoside (14)
. Compound 10b (10 g; 19.2 mmol) was dissolved in dry CH2Cl2 (190 mL) and cooled to 0 °C. A 1 M L-selectride solution in THF (57.6 mL) was added and the reaction was stirred at 0 °C until complete consumption of the starting material (1 h). The reaction mixture was poured into sat. aq. NH4Cl (400 mL). The organic phase was dried over MgSO4, filtered and concentrated (avoid concentrating to dryness since the borane salts can be explosive). The crude product was purified by flash chromatography to give 14 as a white solid. Yield: 8.2 g (96%). galactopyranosyl-(1→3)-4,6-O-benzylidene-2-O-pivaloyl-1-thio-β-D-galactopyranoside (15b) . To a 250 mL flame-dried flask was added 14 (6.5 g, 14.6 mmol) and the 12b (11.4 g, 19.0 mmol) . The mixture was co-evaporated with toluene (2x150 mL) and subjected to vacuum overnight. The mixture dissolved in CH2Cl2 (150 mL) and cooled to -40 °C. TMSOTf (0.22 mL; 1.5 mmol) was added and the reaction mixture was stirred at -40 °C for 2 h. Et3N (1 mL) was added and the reaction mixture was concentrated. The crude compound was purified by flash chromatography (9:1 Tol/EtOAc) affording 15b. Rf 0.26 (9:1 Tol/EtOAc). Yield: 10.5 g (84%). , CDCl3) δ 176.9, 176.1, 167.1, 137.8, 137.3,  133.4, 132.3 (2C), 129.2, 128.7 (2C), 128.6, 128.3 (2C), 127.9  (2C), 127.6, 126.22 (2C), 126.19 (2C), 100.9, 100.2, 99.3, 86.8,  75.9, 73.6, 73.5, 73.3, 70.2, 69.5, 68.9, 68.7, 68.2, 66.6, 40.6, 38.79 Phenyl 4,6-O-benzylidene-2,3-di-O-pivaloyl-β-D-galactopyranosyl-(1→3)-4,6-O-benzylidene-2-O-pivaloyl-1-thio-β-D-galactopyranoside (20). Compound 15b (1.8 g; 2.1 mmol) was dissolved in dry CH2Cl2 (40 mL) and cooled to 0 °C. A 1 M L-selectride solution in THF (5.3 mL) was added and the reaction was stirred at 0 °C until complete consumption of the starting material was observed (30 min). The reaction mixture was quenched with sat. aq. NH4Cl (50 mL). The organic phase was dried over MgSO4, filtered and concentrated (avoid concentrating to dryness since the borane salts can be explosive). The residue was filtered through a plug of silica (9:1 Tol/EtOAc). The semi-crude alcohol (1.4 g; 1.8 mmol) was dissolved in CH2Cl2 (20 mL). Et3N (0.5 mL; 3.6 mmol), DMAP (0.1 g; 0.9 mmol) and pivaloyl chloride (0.4 mL; 3.6 mmol) was added to the solution and the reaction mixture was heated to 45 °C for 4 h. The reaction mixture was cooled to 0 °C, quenched with MeOH (0.5 mL), washed with water (2x50 mL), dried over MgSO4 and concentrated. 
Phenyl 4,6-O-benzylidene-3-O-chloroacetyl-2-O-pivaloyl-β-D-
H NMR (400 MHz
, CDCl3) δ 7.51 -7.36 (m, 5H), 7.35 -7.22 (m, 6H), 7.17 -7.04 (m, 3H), 5.49 (s, 1H, -CH benzylidene ), 5.43 (s, 1H, -CH benzylidene ), 5.33 (dd, J2,3 = 9.7 J1,2 = 8.
Phenyl 6-O-acetyl-4-O-benzyl-3-O-chloroacetyl-2-O-pivaloyl-1-thio-β-D-galactopyranoside (21).
A solution of 1 M BH3 in THF (76.7 mL) was added to a 250 ml dry flask containing 10b (4.0 g; 7.7 mmol) at 0 °C and the solution was stirred for 5 minutes. A solution of 1 M Cu(OTf)2 in CH2Cl2 (8.1 mL) was then added to the clear solution slowly. After 1.5 hours at 0 °C, TLC showed full consumption of starting material. Triethylamine (2 mL) was added followed by careful addition of methanol until the evolution of H2 had ceased. The reaction mixture was co-distilled with methanol three times and the crude was used in the next step. The crude material was dissolved in CH2Cl2 (50 mL). Et3N (1.1 mL; 7.7 mmol), DMAP (0.01 g; 0.1 mmol) and acetic anhydride (0.61 mL; 6.5 mmol) was added to the solution and the reaction mixture was stirred until TLC revealed full conversion (1 h). The reaction was quenched with MeOH (1 mL), diluted with CH2Cl2 (50 mL), washed with water (2x100 mL), dried over MgSO4 and concentrated. The product was purified by flash chromatography (Tol/ . The mixture was dried azeotropically with toluene (2x10 mL) and subjected to vacuum overnight. It was then dissolved in dry CH2Cl2 (5 mL) and dry MeCN (5 mL), cooled to -30 °C, followed by addition of NIS (420 mg; 1.9 mmol) and TESOTf (56 mg; 0.2 mmol). The reaction mixture was stirred at -30 °C until TLC revealed full conversion of the donor (2 h). The solution was diluted with CH2Cl2 (100 mL) and washed with sat. aq. NaS2O3 (100 mL) and sat. aq. NaHCO3 (100 mL). The organic phase was dried over MgSO4, filtered and concentrated. The product was purified by flash chromatography (6:1 Tol/EtOAc) to afford an off-white solid. Rf 0.60 (2:1 Tol/EtOAc). Yield: 3.6 g (75% 2 g, 1.4 mmol) . The mixture was dried azeotropically with toluene (2x10 mL) and subjected to vacuum overnight. It was then dissolved in dry CH2Cl2 (5 mL) and dry MeCN (5 mL), cooled to -30 °C, followed by addition of NIS (336 mg; 1.5 mmol) and TESOTf (27 mg; 0.1 mmol). The reaction mixture was stirred at -30 °C until TLC revealed full conversion of the donor (2 h). The solution was diluted with CH2Cl2 (100 mL) and washed with sat. aq. NaS2O3 (100 mL) and sat. aq. NaHCO3 (100 mL). The organic phase was dried over MgSO4, filtered and concentrated. The product was purified by flash chromatography (6:1 Tol/EtOAc) to afford 24 as an off-white solid. Rf 0.62 (2:1 Tol/EtOAc). Yield: 1.6 g (80% (1→3)-6-O-acetyl-4-O-benzyl-2-O-pivaloyl-β-D-galactopyranosyl-(1→3)-4,6-O-benzylidene-2-O-pivaloyl-β-D-galactopyranosyl-(1→3)-4,6-O-benzylidene-2-O-pivaloyl-β-D-galactopyra 2 g, 1.4 mmol) . The mixture was dried azeotropically with toluene (2x15 mL) and subjected to vacuum overnight. It was then dissolved in dry CH2Cl2 (7.5 mL) and dry MeCN (7.5 mL), cooled to -30 °C, followed by addition of NIS (329 mg; 1.5 mmol) and TESOTf (29 mg; 0.1 mmol). The reaction mixture was stirred at -30 °C until TLC revealed full conversion of the donor (2 h). The solution was diluted with CH2Cl2 (150 mL) and washed with sat. aq. NaS2O3 (150 mL) and sat. aq. NaHCO3 (150 mL). The organic phase was dried over MgSO4, filtered and concentrated. The product was purified by flash chromatography (9:1 Tol/EtOAc) to afford an off-white solid. , CDCl3) δ 180.3, 176.14, 176.08 (2C), 176.0, 170.4 Benzyl 4,6-O-benzylidene-2,3-di-O-pivaloyl-β-D-galactopyranosyl-(1→3)-4,6-O-benzylidene-2-O-pivaloyl-β-D-galactopyranosyl-(1→3)-6-O-acetyl-4-O-benzyl-2-O-pivaloyl-β-D-galactopyranosyl-(1→3)-4,6-O-benzylidene-2-O-pivaloyl-β-D-galactopyranosyl-(1→3)-4,6-O-benzylidene-2-O-pivaloyl-β-D-galactopyranosyl-(1→3)-4,6-benzylidene-2-O-pivaloyl-β-D-galactopyranosyl-(1→3)-4,6-O-benzylidene-2-O-pivaloyl-β-D-galactopyranoside (32) . To a 25 mL flame-dried flask was added 31 (1.8 g, 0.99 mmol) and 20 ( 1.1 g, 1.3 mmol) . The mixture was dried azeotropically with toluene (2x10 mL) and subjected to vacuum overnight. It was then dissolved in dry CH2Cl2 (5 mL) and dry MeCN (5 mL), cooled to -30 °C, followed by addition of NIS (294 mg; 1.31 mmol) and TESOTf (26 mg; 0.1 mmol). The reaction mixture was stirred at -30 °C until TLC revealed full conversion of the donor (3 h). The solution was diluted with CH2Cl2 (100 mL) and washed with sat. aq. NaS2O3 (100 mL) and sat. aq. NaHCO3 (100 mL). The organic phase was dried over MgSO4, filtered and concentrated. The product was purified by flash chromatography pivaloyl-β-D-galactopyranoside (33). 32 (2 g; 0.8 mmol) was dissolved in dry CH2Cl2 (20 mL) and cooled to 0 °C. A 1 M L-selectride solution in THF (3.1 mL) was added and the reaction was stirred at 0 °C until complete consumption of the starting material (1 h). The reaction mixture was poured into sat. aq. NH4Cl (100 mL). The aqueous phase was extract with CH2Cl2 (100 mL) and the combined organic phase was dried over MgSO4, filtered and concentrated (avoid concentrating to dryness since the borane salts can be explosive). The crude product was purified by flash chromatography 
Phenyl 2,3,5-tri-O-benzoyl-1-thio-α-L-arabinofuranoside (34).
To a solution of methyl 2,3,5-tri-O-benzoyl-α-L-arabinofuranoside (7.8 g, 16.4 mmol) in CH2Cl2 (200 mL) at 0 °C was added thiophenol (2.4 mL, 22.4 mmol) dropwise. The reaction mixture was stirred at 0 °C for 15 min, then BF3·Et2O (13.6 mL, 107.2 mmol) was added and the resulting mixture was warmed gradually to 22 °C. The reaction was stirred for 8 h at 22 °C. The reaction mixture was poured into sat. aq. NaHCO3 (100 mL). The water phase was extracted with CH2Cl2 (50 mL). The combined organic phases were dried over MgSO4, filtered and concentrated. 
